Myeloperoxidase (MPO) has been involved in the pathogenesis of several diseases through excessive production of reactive oxygen species (ROS) as well as through its genetic polymorphism. The aims of this study were to identify the factors affecting MPO serum concentration, to study the familial resemblance of MPO levels and to investigate the association between newly described MPO polymorphisms as well as the G-463A one and MPO levels in a healthy population. MPO serum concentrations were measured by an enzymatic immuno-assay (EIA) in 82 healthy families of the STANISLAS Cohort and MPO genotype, determination was performed using PCR-restriction fragment length polymorphism or allele specific oligonucleotide assay. MPO concentrations were significantly higher in parents than in offspring. The factors affecting MPO levels were age, the number of white cells, smoking in fathers and oral contraceptive intake in mothers. They explain from 12.4% up to 35.9% of MPO variability in men and women, respectively. Family correlations of MPO concentrations were of similar magnitude. The -129A allele of a newly described G-129A substitution was significantly associated with decreased MPO levels, whereas the -463A allele was suggested to be associated with increased levels of lipid variables. In this study, we identified factors affecting MPO serum concentrations and showed that molecular variations of the gene have only a weak influence on MPO variability. In contrast, the association between the G-463A polymorphism and lipid levels would suggest a possible implication of MPO in the risk of cardiovascular diseases. These results have to be confirmed and further investigations will be conducted in that way. European Journal of Human Genetics (2001) 9, 780 ± 786.
Introduction
Myeloperoxidase (MPO, EC 1.11.1.7) is a glycoprotein present in azurophilic granules of polymorphonuclear neutrophils (PMNs). 1 In the presence of chloride ions and hydrogen peroxide produced by PMNs during their activation, MPO catalyses the formation of hypochlorous acid, a potent microbicidal agent. This enzymatic system plays an important role in human defense against microorganisms. 2 Even if neutrophils are responsible for the protection of the organism, they can also be harmful to host tissues, and diffusion of components of the MPO system often leads to tissue damage. 3 The oxidative processes implicated in the destruction of micro-organisms can act on adjacent host tissues and they are thus involved in the pathogenesis of various diseases associated with excessive leukocytes activation.
In acute inflammatory diseases like infections, 4 the therefore be considered as a specific index of leukocytes activation. The implication of MPO has been especially reported in atherosclerosis where MPO has been suggested to oxidize low-density lipoproteins (LDLs) responsible for the initiation of the disease. 5 The detection of active MPO as well as specific markers of MPO-catalysed oxidation products in human atherosclerotic lesions supports this hypothesis. 6 This enzyme has also been involved in stroke where the measurement of its activity constitutes a marker of PMNs accumulation in the cerebral parenchymal tissue. 7 This infiltration of neutrophils is not devoid of side-effects. Indeed, experiments of neutrophils depletion have proved the implication of PMNs in brain swelling. 8 Involvement of MPO in ischaemic stroke is also supported by the work of Re et al, 9 who reported increased levels of markers of oxidative stress and more particularly of plasma MPO activity in patients with brain ischaemia. MPO is also involved in hypertension, one of the main risk factors for stroke, 10 as demonstrated in a recent study conducted in patients with essential hypertension who displayed an elevated leukocytes count and a faster release of superoxide anion from PMNs than in controls. 11 The involvement of MPO in inflammatory diseases has been supported by genetic studies reporting an association with the G-463A polymorphism located in the promoter region of the MPO gene. The -463G allele creates a SP1 transcription factor binding site which increases the promoter activity in transfection assays. 12 The GG genotype has been associated with increased MPO expression in myeloid leukaemia cells. 13 This genotype has also been related to acute promyelocytic leukaemia, 13 earlier onset of Alzheimer's disease (AD) 14 and multiple sclerosis (MS) 15 in women, while the A allele has been reported to be associated with a decreased risk of lung cancer. 16 Given the growing implication of MPO in several diseases, it seems justified to hypothesise that MPO could constitute a marker of cardiovascular diseases. However, the assessment of MPO as a biological marker requires the knowledge of its biological variations, which are poorly documented. Only one study showed an increase in MPO enzymatic activity in isolated murine neutrophils during development. 17 Others reported differences with gender 18 and smoking, 19, 20 by measuring the mean peroxidasic index (MPXI) of neutrophils by an automated haematological system. MPO can also be quantified by EIA but, to our knowledge, biological variations of serum MPO concentrations have never been investigated so far. The aims of this study were to identify the factors affecting MPO serum concentrations measured by EIA, to study the familial resemblance of MPO levels and to investigate the association between polymorphisms of the MPO gene and MPO levels in a sub-sample of the STANISLAS Cohort. For this purpose, a molecular screening of the gene was first performed to identify all common polymorphisms in the coding and regulatory sequences of the gene. The newly identified polymorphisms as well as the G-463A polymorphism were then tested for the association with MPO serum concentrations.
Materials and methods
Subjects and data collection Families were recruited between October 1993 and June 1994 in the Center for Preventive Medicine in Nancy (France) as a sub-sample of the 1000 families of the STANISLAS Cohort. 21 The study sample included 82 nuclear families of European origin volunteering for a free health examination and having signed a statement of informed consent. Families were composed of both natural parents (n=2682) and at least two offspring (n=188) aged more than 6 years. The data collection was obtained by physical examination, functional tests, screening of blood constituents, life-style description and socio-professional questionnaire. according to the MONICA diagnostic category I over the study period (December 1988 ± June 1991) and had a parental history of MI at a young age (same criteria as above). This sample size provided approximately 100% power to detect alleles with a frequency 40.05 and a 85% power to detect alleles with a frequency of 0.01. Genomic DNA was prepared from white blood cells by phenol extraction. DNA-sequence variations were identified by PCR/SSCP and followed by sequencing, as previously described. 23 The entire exonic sequence and the intronic sequences flanking exons, 369 bp in the 5' region and 42 bp in the 3'UTR region of the MPO gene were explored.
Preparation of blood samples and analysis
Genotyping of the MPO polymorphisms in the STANISLAS sample New polymorphisms were genotyped in all subjects of the STANISLAS sample using allele specific oligonucleotides 24 (ASOs). All informations for genotyping polymorphisms (PCR primers, probes, conditions of hybridation and amplification) can be found at our Internet site (http:// genecanvas.idf.inserm.fr). The G-463A polymorphism was amplified by polymerase chain reaction-restriction fragment length polymorphism (PCR ± RFLP) with few modifications of the method described by London et al.
16

Statistical analysis
Statistical analysis was performed with the SAS software (SAS Institute Inc., USA). As individuals within a family are not independent, statistical analyses were based on the estimating equation (EE) technique, 25, 26 using the SAS GENMOD procedure with a repeated statement. Serum MPO concentrations were adjusted on age separately in each group of relatives (fathers, mothers, sons and daughters) and additionally on smoking in fathers and on oral contraception in mothers. Pearson correlation coefficients were calculated between MPO concentrations and biological and anthropometric variables in each group of relatives, and were tested by means of the EE technique. Family correlations for MPO concentrations were estimated by using a maximum likelihood method. 27 Hardy-Weinberg equilibrium for each polymorphism of the MPO gene was tested in parents by a w 2 test with one df, and pairwise linkage disequilibrium coefficients D' between polymorphisms were estimated using a log-linear model analysis. 28 Haplotype frequencies were estimated using the Arlequin package. 29 Associations between polymorphisms of the MPO gene and serum MPO concentrations or lipid levels were investigated by linear regression analysis. In case an association is suggested, a TDT-type analysis was further applied to confirm that the observed association was really due to linkage disequilibrium and not to other uncontrolled phenomenon. Such analysis was performed using the extension of the quantitative TDT model of Allison 30 we recently proposed. 31 Statistical significance was taken at P50.05.
Results
General characteristics of the studied population are given in Table 1 . ), as well as in fathers as compared to mothers (P50.05). The same trend according to gender was observed in offspring, although not reaching significance. Figure 1 shows the variation of MPO concentrations according to age in each group of relatives. In offspring of both sexes, MPO concentrations increased with age up to 15 ± 18 years and then decreased to reach a level close to that measured in younger parents (540 years). Age explained 10.5% and 15.5% of MPO variability in sons and daughters, respectively. In fathers, MPO levels slightly increased with age while in mothers, the increase was steeper. Age explained 2% and 15.7% of MPO variability in fathers and mothers, respectively.
In fathers, MPO levels were higher in smokers than in nonsmokers (59.7 ng/ml versus 48.8 ng/ml, P50.02). The percentage of variability additionally explained by smoking was 6.3% in fathers. In mothers, MPO levels were increased by oral contraception uptake (50.3 ng/ml versus 40.1 ng/ml, P=0.03). The percentage of variability additionally explained by oral contraception was 4.7% in mothers. In further analyses, MPO levels were adjusted on age (and age 2 when necessary) in all classes of relatives, smoking in fathers and oral contraception in mothers. Correlation coefficients of MPO levels with biological and anthropometric variables were estimated for each class of relatives. As expected, MPO levels strongly correlated with white cell counts, the correlation being especially high in mothers and sons (r=0.17, r= 0.42, r= 0.43, r= 0.24 in fathers, mothers, sons and daughters, respectively). There was no significant correlation with any of the other parameters studied. The total percentage of MPO variability explained by age, smoking, oral contraception and white cell counts was 12.4, 35.9, 26.8 and 20.5% in fathers, mothers, sons and daughters, respectively.
There was a significant familial resemblance of MPO levels (r FM =0.29+0.10 between spouses, r PO =0.26+0.06 between parent and offspring, and r SS =0.32+0.08 between offspring; w 2 = 4.72 with 3 df, P510
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). The three familial correlation coefficients were not significantly different (w 2 =0.7 with 2 df, P=0.70), and they were not modified by the adjustment on white cell counts.
MPO gene polymorphisms
Five new polymorphisms were identified by molecular screening of the MPO gene: a G/A substitution located at position -129 upstream from the transcription start site (G-129A), abolishing a SP1 site; three substitutions in intronic regions, at positions -13 in 5' of exon 2 (C-13/in1T), +27 in 3'
Biological variations of MPO and familial resemblance
A Hoy et al 782 of exon 11(G+27/in11A), and 76 in 5' of exon 12 (A-6/ in11C); one synonymous polymorphism affecting the amino acid 711 (C/T?Thr711Thr). All details on these polymorphisms can be found at our web site.
Four polymorphisms were studied in the STANISLAS sample: the G-129A, C-13/in1T and A-6/in11C polymorphisms, and the G-463A polymorphism, already described. 12 No mutant was detected for the Thr711Thr polymorphism. The G+27/in11A polymorphism was not genotyped because of lack of DNA. Genotyping success rate ranged from 97.1% for the A-6/in11C polymorphism to 100% for the G-463A polymorphism.
Allele frequencies and pairwise linkage disequilibrium coefficients between polymorphisms of the MPO gene are given in Table 2 . All genotype distributions were compatible with Hardy-Weinberg equilibrium. The G-129A polymorphism was rather rare (minor allele frequency 0.07), other allele frequencies being in the range 0.15 ± 0.25. All polymorphisms were in strong linkage disequilibrium one with each other, except for G-463A and A-6/in11C, which were the most distant. This pattern of linkage disequilibrium resulted in the observation of only six haplotypes amongst the 16 possible (data not shown).
Association between MPO gene polymorphisms and serum MPO levels
In the whole population, the G-129A polymorphism was significantly associated with serum MPO concentrations, the A allele being associated with lower levels ( Table 3 ). The G-129A polymorphism explained 2.6% of the variance in the entire population, after adjustment for class of relatives, age, smoking and oral contraception. The association was maintained after further adjustment on white cell counts and the R 2 was unmodified. Similar observations were made when considering parents and offspring separately. In offspring, mean MPO levels were 27.4 ng/ml in GA heterozygotes versus 38.9 ng/ml in GG homozygotes (R 2 =3.6%; P510 72 ) whereas the difference did not reach significance in parents (39.9 ng/ml versus 47.2 ng/ml, P=0.10). The significant effect of the A allele was further confirmed by the TDTtype analysis (P=0.047). No relationship was observed with any of the other polymorphisms.
Association between MPO gene polymorphisms and lipid variables
In the whole population, the G-463A polymorphism was significantly associated with apoB (R 2 =3.5%), total cholesterol (R 2 =3.3%), LDL-cholesterol (R 2 =2.6%) and triglyceride levels (R 2 =4.3%), the A allele being associated with increased levels of these parameters. The same trends were observed in parents and offspring, although associations were stronger in offspring. There was no significant association with HDLcholesterol (Table 4) . Unfortunately, the associations between the G-463A polymorphism and lipid parameters were not confirmed by the TDT-type analysis (P-value ranging from 0.19 to 0.38). None of the other polymorphisms was associated with lipid parameters.
Discussion
In the present study, we have evidenced the main factors influencing MPO serum concentrations in a healthy popula- tion. The familial feature of our population also allowed us to study the familial resemblance of MPO concentration. Moreover, to date, this is the first report investigating the association between MPO polymorphisms and its serum concentration. The first step of this work consisted of screening the whole regulatory and coding sequences of the MPO gene for polymorphisms. Five polymorphisms were detected, one in the 5' flanking regions of the gene, three in its intronic flanking regions and one in its coding sequence. These observations were then compared to the information provided in public databases (http//www.ncbi.nlm.nih.gov, http://hgbase.cgr.ki.se, http://archive.uwcm.ac.uk/). None of the five polymorphisms identified in our screening nor the previously described G-463A polymorphism were found in these databases. Other polymorphisms were, however, available in these databases but not identified in our study. Three of them were located in regions we did not explore (two A/T substitutions in intron 7 at nucleotide 6747 and 6750, and one C/T substitution in the 3' region at nucleotide 13700). Four additional non-synonymous polymorphisms (A/G?Tyr173Cys; T/C?Met251Thr; C/T?Arg569Trp, A/G?Ile717Val) were also found in these databases. The first three of these nonsense mutations were only observed in patients suffering from hereditary myeloperoxidase deficiency. 32 ± 34 As regard the Ile717Val polymorphism described by Wang et al, 35 it cannot be ruled out that this polymorphism is not a real one since many polymorphisms described in public databases have still not be confirmed.
In the literature, quantification of MPO is often reported as the measurement of MPO enzymatic activity in neutrophils via the MPXI calculated on an automated haematological analyser. EIA-determined serum MPO concentrations represent circulating levels of MPO released from neutrophils. Except exercise practice 36 and interferon treatment, 37 no data about variations of serum MPO levels measured by EIA have been reported. The main factors influencing MPO serum concentration which we evidenced in our work were age, the number of white cells, tobacco consumption in fathers and oral contraceptive intake in mothers. These observations remained significant even after adjustment on white cell counts.
MPO serum concentrations were significantly higher in parents than in offspring which would suggest an increase in MPO levels during the development. These results were consistent with the work of Mohacsi et al 38 who reported an increase in MPO release from the PMNs during the aging process. Other authors demonstrated reduced neutrophil function and thus enzyme release in elderly or middle-aged 39 and this would explain why old people are more prone to infections. Higher MPO levels were measured in fathers as compared to mothers. The same trend was observed in offspring, although not reaching significance. In addition to the effect of age, smoking increased MPO levels in fathers for which the highest tobacco consumption is usually observed. Beyond an effect of smoking on leukocytes count, 40 Pitzer et al 41 evidenced leukocytes activation in smokers. This is consistent with findings of Jay et al 42 who demonstrated an effect of nicotine on superoxide anion generation by human neutrophils. The effect of smoking on neutrophils MPO activity has also been measured by the MPXI but the results were controversial. 19, 20 In mothers, the intake of oral contraceptive increased the level of circulating MPO. A recent study demonstrated that in women having menopause and being treated with hormone replacement, the intracellular activity and the amount of MPO released increased significantly compared to the level at the time of starting the treatment. 43 This work is in accordance with another study where women treated with high oestradiol levels display increased plasma MPO concentrations. 44 In addition, Jansson 45 demonstrated in vitro that the presence of oestrogen led to the release of MPO from non activated PMNs. The pattern of family resemblance characterized by correlations of similar magnitude between spouses and between biological relatives was more compatible with the existence of common environmental factors influencing MPO variability rather than a strong impact of genetic factors. However, the G-129A polymorphism was shown to explain 2.6% of the MPO variability in the whole population, the A allele being associated with lower MPO serum concentrations. The significant effect of the A allele was then confirmed by a TDT-type analysis suggesting that the observed association was not spurious. Due to its location in the promoter region of the MPO gene, the G-129A polymorphism may be involved in the alteration of the transcriptional rate of the gene. Further investigations will permit us to determine whether this polymorphism had a functional role or was only a marker in linkage disequilibrium with a still unidentified MPO functional variant.
Another finding of this study is that subjects carrying the A allele of the G-463A polymorphism display higher levels of triglycerides, total cholesterol, LDL-cholesterol and apoB which are known risk factors for atherosclerosis, than subjects with the G allele. These results would suggest that this polymorphism could modulate the risk of cardiovascular diseases. However, the TDT-type analyses failed to confirm the results suggested by the association analyses. Therefore, it cannot be ruled out that the observed associations between the G-463A polymorphism and lipid parameters were due to random fluctuations and/or uncontrolled phenomenon. Nevertheless, it must be stressed that, based on the sample size calculations we recently developed for TDT-type analysis, 31 the power we actually had to confirm the observed additive effect of this polymorphism by a TDT-type analysis was as low as 50%. The hypothesis of an implication of MPO in cardiovascular diseases could however be reinforced by a recent report which showed that MPO deficiency was protective against such diseases. 46 In the literature, the G-463A polymorphism has been related to several diseases like AD 14 and MS 15 where the GG genotype has been associated with higher incidence of disease in women. More recently, Reynolds et al 47 showed that the A allele was associated with an increased risk for AD in men carrying the e4 allele of apolipoprotein E (apoE). This allele is usually linked to an increased cholesterol level in blood and constitutes a well known risk factor for cardiovascular diseases. 48 In conclusion, we evidenced the main factors affecting MPO serum concentrations in a healthy population. Molecular variations of the gene have only a weak influence on MPO concentrations. However, the G-463A polymorphism was found to be associated with lipid levels which would suggest a possible implication of MPO in the risk of cardiovascular diseases. These results have to be confirmed and further investigations will be conducted in that way.
